Abstract-In this paper, the problem of energy efficiency in cellular heterogeneous networks (HetNets) is investigated using radio resource and power management combined with the base station (BS) ON/OFF switching. The objective is to minimize the total power consumption of the network while satisfying the quality of service (QoS) requirements of each connected user. We consider the case of co-existing macrocell BS, small cell BSs, and private femtocell access points (FAPs). Three different network scenarios are investigated, depending on the status of the FAPs, i.e., HetNets without FAPs, HetNets with closed FAPs, and HetNets with semi-closed FAPs. A unified framework is proposed to simultaneously allocate spectrum resources to users in an energy efficient manner and switch off redundant small cell BSs. The high complexity dual decomposition technique is employed to achieve optimal solutions for the problem. A low complexity iterative algorithm is also proposed and its performances are compared to those of the optimal technique. The particularly interesting case of semi-closed FAPs, in which the FAPs accept to serve external users, achieves the highest energy efficiency due to increased degrees of freedom. In this paper, a cooperation scheme between FAPs and mobile operator is also investigated. The incentives for FAPs, e.g., renewable energy sharing and roaming prices, enabling cooperation are discussed to be considered as a useful guideline for inter-operator agreements.
used by mobile operators to meet this challenge is to deploy additional low-powered base stations (BSs) in areas of high demand. The resulting network, referred to as heterogeneous network (HetNet) [1] , helps in maintaining the quality of service (QoS) for a larger number of users by reusing the spectrum. However, with the densification of these HetNets, energy consumption and hence the carbon footprint have significantly raised. Therefore, conserving energy while meeting the user's QoS requirements has been the focus of the green communications researchers.
Most of the wireless data usage is in indoor environments such as offices, residential buildings, shopping malls, etc., where the users may face difficulties in achieving high data rates while connecting to the macrocell BSs. This is mainly due to the penetration loss incurred by the wireless signals inside the buildings. Therefore, to increase the capacity of the network in these hotspots, small cell BSs 1 are deployed in close proximity to the buildings [2] , [3] . In addition to small cell BSs, there are often additional privately owned femtocell access points (FAPs) or home BSs installed inside buildings that co-exist alongside macrocell BS and small cell BSs [4] . These FAPs use the local broadband connection to provide cellular services to their subscribers.
Small cell BSs provide increased coverage and network capacity during peak times, however, they might not be very useful under light traffic load scenarios. Instead, they might be under-utilized or completely redundant leading to inefficient use of energy and communication resources. Hence, during periods of low traffic, it is appropriate to turn off the small cell BSs and offload the users to a nearby macrocell BS. The presence of FAPs provides additional flexibility in this regard, since the small cell users can be offloaded to the FAPs, if it is permitted. In fact, FAP access control schemes can be classified into three categories [5] , [6] , i.e., open access, closed access, and hybrid or semi-closed access. Open access allows a nearby mobile subscriber to connect to the FAP without any restriction, thus acting as a small cell BS. On the other hand, closed access is only limited to registered subscribers, also called femto owners. In hybrid access, unregistered users connected to the macrocell or small cell BS might be allowed to use some FAP resources subject to their availability and certain constraints. If private FAPs cooperate with the mobile operator, there will be an increased potential of saving considerable amount of energy without compromising the subscribers' QoS.
Although energy consumption cost and the environmental impact of redundant small cell BSs can be reduced by locally generating renewable energy at the small cell BS sites, cooperation with private FAPs provides an opportunity to further improve energy efficiency. Also, the impact of such energy saving is high since cooperation may allow some small cell BSs, which consume higher energy than FAPs, to be turned off that would otherwise be on. In addition, the mobile operator can use a portion of its energy savings, achieved from cooperation, as well as excess resources, e.g., renewable energy, to provide incentives to the FAP operator.
To exploit this envisioned potential for energy saving, and hence the carbon footprint reduction in cellular HetNets, an effective resource and power management framework is required along with the BS ON/OFF strategy. The proposed framework aims to efficiently allocate spectrum resources to users in a way that cross-tier interference is minimum and hence minimum transmit power is used by the BSs. Moreover, it will decide the optimal set of small cell BSs that should remain active given a pre-defined spatial distribution of users. Finally, it will specify the conditions for FAP cooperation on the basis of which agreements can be reached with the mobile operator.
A. Related Work
In the recent years, many studies have been proposed to investigate the energy efficiency problem of cellular HetNets using dynamic BS ON/OFF switching technique [7] [8] [9] . In [7] , the impact of turning off macrocell BSs on the energy efficiency of the HetNet is studied while keeping the small cell BSs active. In contrast, [8] investigates the energy saving potential of HetNets using different sleeping strategies for small cell BSs. In [9] , the authors studied the dynamic small-cell ON/OFF operation while serving the offloaded traffic using the macrocell BS to minimize the total power consumption of the HetNet. Two algorithms are proposed to make ON/OFF switching decision. The first one is an optimal location-based operation algorithm applied in the case of uniformly distributed users. The second algorithm is a suboptimal approach proposed for non-uniformly distributed users. It has been shown that power saving is achieved thanks to the proposed dynamic ON/OFF switching operation. In [6] , three different approaches for small cell BS ON/OFF switching in HetNets are discussed. The ON/OFF status of the small cell BSs is controlled by either the detection of active users by the small cell BSs, wake-up signals by the core network, or wakeup signals by the users. The authors of [10] have introduced two sleep modes to cater for the short and long idle periods of the users. It is shown that dense HetNets can be used to achieve higher capacity and performance while simultaneously reducing energy consumption.
Another dimension of energy saving in HetNets is the management of cross-tier interference [11] , [12] . With reduced interference, the transmit power of BSs can be reduced while achieving the same QoS level. Several approaches are used in literature to manage the interference problem [13] [14] [15] . One of the approaches is the radio resource management that divides the available spectrum into sub-frequency bands where the femtocells and small cell BSs use non-overlapping spectrum bands with the macrocell BS [13] . A decentralized spectrum allocation policy for two-tier (macrocell and femtocell) orthogonal frequency division multiple access (OFDMA) networks is provided in [14] . In [15] , an iterative algorithm for optimal power and resource block allocation is proposed for two-tier HetNets with a cross-tier interference constraint. Finally, a survey on self-configuring and self-optimizing techniques for interference management in OFDMA HetNets is provided in [16] . A second approach for managing cross-tier interference is related to spectrum sensing, whereby femtocells can sense the activity of the macrocell and opportunistically use the available spectrum [17] , [18] . The authors in [17] proposed a cognitive resource management scheme inspired from the spirit of cognitive radio technology that mitigates the interference between macrocell BSs and small cell BSs. Similarly, in [18] , the authors proposed a priority based frequency resource allocation scheme that favors the macrocell over the femtocell. Another method to counter cross-tier interference in HetNets is to use power control. In [19] , a self-optimized coverage coordination framework between macrocell and femtocell is proposed based on the distributed power control by the femtocell BSs. In [20] , a power control approach for twotier femtocell networks is introduced to reduce the transmit power levels of the strongest femtocell interferers.
In addition to energy conservation methods, the use of renewable energy to power cellular HetNets is also considered in literature [21] [22] [23] . Availability of locally generated renewable energy helps in reducing the carbon footprint of the BSs by limiting the required fossil fuel based energy. For instance in [22] , a HetNet with hybrid energy supplies, i.e., the small cell BSs are powered by either the traditional electricity grid or green energy sources, has been used to minimize energy costs of the network. In [23] , user association in spatial domain and the renewable energy allocation in the time domain are optimized to reduce the operational expenditures of cellular networks.
B. Contributions
Existing works for energy saving in cellular HetNets consider either BS ON/OFF strategy [6] , [10] , [24] , [25] or energy efficient resource allocation [13] [14] [15] [16] , [26] . However, the joint resource and transmit power management for cellular HetNets including macrocell BS, small cell BSs and private FAPs along with BS ON/OFF strategy has not been investigated previously. In contrast to literature, we develop a unified framework that aims to reduce energy consumption using efficient resource allocation, transmit power allocation, and BS ON/OFF switching. We also incorporate the availability of renewable energy sources in the proposed framework. Additionally, we investigate the cooperative scenario between cellular HetNets and private femtocell networks to form a virtual network, which contributes significantly in the resource allocation and BS ON/OFF decision.
It should be noted that, in this study, we are developing a green networking technique for HetNets where the objective is to curtail negative environmental impacts of cellular networks by minimizing their total energy consumption and exploiting renewable energy whenever it is possible. Indeed, radio access networks are consuming around 80% of the total energy consumed by a cellular network [27] . Moreover, recent studies show that for a typical cellular network, 50% of the deployed BSs serve only 15% of the total traffic, while 5% of the sites serve 20% of the traffic [28] . Therefore, we focus essentially on this part of the network and correspondingly the downlink direction. The main contributions of this paper are summarized as follows:
• An optimization problem aimed at minimizing the total power consumption of cellular HetNets is formulated. Problem formulation takes into account the power budget of the BSs and the cross-tier interference while respecting QoS requirements, i.e., minimum data rate for each served user. Energy efficiency is achieved using effective radio resource management, power allocation, and BS ON/OFF switching. Different network scenarios emanating from the FAP access method, i.e., open access, closed access, and hybrid access, are considered.
• The optimal carrier assignment and power allocation solution for the cellular HetNet is reached using the dual decomposition technique. Due to the high computational complexity of the optimal solution, a practical and low complexity algorithm is also developed and the obtained results are compared with those of the optimal solution.
• A cooperative framework between mobile networks and private FAPs, using hybrid access, is proposed. An economically viable criterion for cooperation agreements is also developed taking into account the interests of both the mobile operator as well as the FAP operators. The incentives from the mobile operator to the FAP operator include cost effective renewable energy sharing and direct monetary payment to cover the additional costs incurred by the FAPs. The remainder of this paper is organized as follows: Section II presents the system model. The problem formulation and the different network scenarios are presented in Section III. The dual decomposition method and the low complexity solution are investigated in IV. The cooperation scheme in the context of hybrid access is presented in Section V. The numerical results are presented and explained in Section VI. Finally, the paper is concluded in Section VII.
II. SYSTEM MODEL
We consider an OFDMA cellular HetNet that consists of one macrocell BS placed at the center of the cell, and L s 2 small cell BSs placed around the center. We assume that L f FAPs, belonging to private owners other than the mobile operator, are placed within each small cell to serve registered subscribers as shown in Fig. 1 . The FAPs, that are placed outside the range of small cell BSs, are not considered in the system model since they will not find a small cell BS to cooperate with in the hybrid access scenario and will not provoke interference to any of the deployed small cell BSs. In fact, in OFDMA HetNets, the available spectrum of bandwidth B C is divided into N C carriers. These carriers are separated depending on the type of the BS. We denote by N (χ) C , the number of available carriers at the BS of type χ, where χ ∈ {M,S,F} referring to macrocell, small cell, and femtocell, respectively. It is worth mentioning that separating the available carriers into two or more groups is widely used in literature and is particularly advisable in the context of HetNets. Infact, it is recommended that small cell BSs and FAPs use higher frequency bands that are not well suited for macrocell BSs to avoid harmful interference and enhance performance [29] , [30] . We denote by U the total number of outdoor users in the network, and V il the total number of indoor subscribers connected to FAP F il , i.e., the l th FAP under the coverage of small cell BS S i . Finally, we make the following two assumptions:
• A user is served by only one BS (macrocell, small cell, or FAP).
• Each carrier is exclusively allocated to only one user.
• There is no intra-cell interference on the downlink and no interference between macrocell BS and small cell BSs as they are using different sets of orthogonal carriers.
A. Path loss and Channel Model
In a cellular HetNet, there are several possible radio propagation paths in the system emanating from the location of any BS and the location of the user connected to that BS. A BS can either be located outside the building (e.g., macrocell BS and small cell BSs), or inside the building (e.g., FAP). Similarly, the user can also be located either inside or outside the building. Hence, the possible propagation paths between a user and a BS are: indoor-indoor, outdoor-indoor (equivalent to indoor-outdoor), and outdoor-outdoor. The path loss between an indoor user v and a FAP F il (indoor-indoor path loss) is given by [31] :
where d v,F il is the distance between the indoor user v and FAP F il . In (1), the first two terms, i.e., 38.46+20 log 10 d v,F il , account for the distance dependent free space path loss. The last term 0.3d v,F il models the indoor distance dependent attenuation. The path loss between an outside user u and a FAP F il (outdoor-indoor path loss) is given as follows [31] :
where d out,u,F il is the distance between the outdoor user u and the building external wall, d in,u,F il is the indoor distance between the building wall and FAP F il , and L ow is an outdoorindoor penetration loss (loss incurred by the outdoor signal to penetrate the building).
The path loss between outside user u and an outdoor macrocell BS or small cell BS (outdoor-outdoor path loss) is given as follows [31] :
where d u,χi is the outdoor distance between the outside user u and the i th BS of type χ. Note that for outdoor BSs, χ can only take the values in the set {M, S} corresponding to the macrocell BS and small cell BSs, respectively. In (3), κ and ν correspond to the path loss constant and path loss exponent, respectively.
Taking into account fading and shadowing fluctuations in addition to the path loss, the channel gain between a user t (t = u for outdoor user and t = v for indoor user), and a transceiver station χ i (BS or FAP) over a generic carrier r can be expressed as:
t,χi,dB + ξ t,χ + 10 log 10 F t,χi,r , (4) where the first term captures the propagation loss corresponding to the considered link where (x,y ∈ {out, in}), according to the path loss expressions given (1)-(3), the second term ξ t,χ , captures the effect of shadowing, and the last term F t,χi,r accounts for the fast fading between user t and the BS χ i over carrier r.
B. Base Station Power Model
Since we utilize the BS ON/OFF switching strategy in the developed framework, we consider that each BS is either in active or sleep mode. In the active mode, the BS is serving a certain number of users connected to the network. The power consumption of the i th BS of type χ, denoted by P χi , in this mode is computed as follows [32] :
where P tx χi represents the transmit power radiated by BS χ i , η PA is the efficiency of the power amplifier, P RF represents the small-signal RF transceiver power, and P BB is the baseband power. The parameters σ feed , σ DC , σ MS , and σ cool account for the feeder losses, DC-DC power supply losses, main supply losses, and cooling losses, respectively. The BS radiated power P tx χi can be expressed as:
It corresponds to the sum of the radiated power level P χi,r over the carriers r = 1, · · · , N
C . If carrier r is allocated to a certain user, then P χi,r > 0, , P χi,r = 0 otherwise.
In the sleep mode, the BSs consume power equal to P sleep χ . The sleep mode is a reduced power consumption state in which the BS in not completely turned off and can be readily activated. Although the BS is not radiating power in this mode, elements such as power supply, baseband digital signal processing, and cooling are still active. Therefore, the BS keeps consuming power unless it is in a state of complete shutdown. For the sake of simplicity, the total power consumption of a BS given in (5) can be approximated by a linear model as follows [32] :
where a χ is a factor that scales with the radiated power due to amplifier and feeder losses and b χ models an offset of site power which is consumed independently of the average transmit power. We consider that the total power consumption of any BS is limited by a peak power constraint, P tx χi ≤ P max χ , where P max χ corresponds to the maximum transmit power consumption of a BS of type χ at full load. Note that a χ , b χ , and P max χ are different for each type of BS χ. Additionally, in the case of FAPs, the index χ i is replaced by F il , e.g., P F il denotes the power consumption of FAP F il .
We also consider that small cell BSs can be powered by locally generated renewable energy sources, e.g., solar, wind, etc. Each small cell BS has an available amount of renewable energy, denoted byQ i , i = 1, . . . , L s , that is used to partly cover the power consumption of the small cell BSs. The availability of renewable energy is modeled as a random variable with mean µ g and standard deviation σ g . It should be noted that it is possible to consider that macrocell BS and FAPs are powered with renewable energy sources. However, in this study as it will be shown in Section V, renewable energy is employed as a potential way for cooperation between small cell BSs and FAPs. In addition to the roaming prices, small cell BSs can share their surpluses of renewable energy with FAPs belonging to private owners to compensate the extra energy cost paid by FAPs. Considering renewable energy for the macrocell BS and FAPs will not affect the cooperation process in our context.
C. Downlink Data Rates
The achievable data rate of the u th outdoor user served by a BS over the r th carrier, with an allocated power P χi,r , can be evaluated as:
where BC NC is the bandwidth per carrier, N 0 is the noise power, y depends on the serving BS (macrocell, small cell, or FAP), and I is the total interference that can be expressed as:
where I 0 is the average interference caused by neighboring small cell BSs. I u,r is the cross-tier interference on carrier r measured at the receiver u caused by the closest FAPs (no intra-cell interference on the downlink direction) and expressed as follows:
where, υ v il ,F il ,r is a binary variable representing the exclusivity of the FAP carrier allocation: υ v il ,F il ,r = 1 if carrier r is allocated to another user from a FAP F il , and υ v il ,F il ,r = 0 otherwise. In fact, since the same carrier might be allocated to an indoor FAP user and outdoor small cell BS user simultaneously, a cross-tier interference might be caused to each user. In each cell, an OFDMA carrier can be allocated to a single user at a given transmission time interval. Hence, we have:
Similarly, an indoor user might be subject to an interference caused by a small cell BS serving an outdoor user. The same equations described above are kept for the data rate expression by considering the corresponding path loss expressions. In practice, when switching off a BS, both directions (downlink and uplink) would need to be investigated. In this case, the proposed optimization problem can be considered after adding another constraint for the uplink direction, i.e., meet the uplink target data rate. However and for simplicity, we focus on the dowlink data rate only since, in the uplink, each user has its own power source (battery of the phone), whereas in the downlink the BS is the single source of power to be subdivided over all users, which makes the downlink direction more challenging. Hence, if the downlink constraints are satisfied, then uplink constraints are most probably satisfied.
III. NETWORK SCENARIOS AND OPTIMIZATION PROBLEMS
The objective of the developed framework is to minimize the total power consumption of the network (i.e., macrocell BS and small cell BSs) while satisfying certain QoS requirements for each user. This will be performed by:
• Switching off redundant small cell BSs by optimizing a binary vector denoted by π = [π S1 , · · · , π S Ls ] T , where π Si = 0 if small cell BS S i is turned off, otherwise, π Si = 1, and (.)
T denotes the vector transpose operation.
• Optimizing the resource allocation procedure in terms of carrier-user assignment and power allocation. This will be done by optimizing the binary variables u,χi,r that correspond to the status of each carrier r of BS χ i , and the power variables P χi,r that are constrained by the maximum transmit power of each BS.
The QoS of the network is defined by the achieved data rate by each user, which has to be greater than a pre-defined data rate threshold denoted by R 0 . In this section, we present the formulation of the optimization problems to determine the optimal resource and power allocation, along with the BS ON/OFF strategy for different HetNet scenarios depending on the availability and access scheme of FAPs. In the sequel, we identify the different network scenarios and provide the corresponding optimization problem. The investigated scenarios are: macro-plus-small cells (MS), macro-plus-small-plusclosed FAP (MSF-closed), and macro-plus-small-plus-hybrid FAP (MSF-hybrid), and are given as follows: Macro-plus-small cell (MS): In this situation, the users have the possibility to communicate with the small cell BSs in addition to the macrocell BS. Cross-interference is not considered due to the absence of FAPs (i.e., I u,r = 0, ∀u = 1, · · · , U ). Operator has the possibility to turn off small cell BSs during low traffic period. Corresponding users might be served by the macrocell BS only if its capacity allows. Thus, the optimization problem is formulated as follows:
subject to:
(C1: Power budget constraint):
(C3: Carrier selection constraint):
The first constraint C1 given by (13) indicates that the total transmit power of each BS (i.e., marco cell (χ i = M) or small cell BS (χ i = S i for i = 1, · · · , L s ) has to be lower than the peak power budget. The second constraint C2 given by (14) is imposed to meet the QoS requirements for each user, and the last constraint C3 in (15) indicates that a user can be served by only one carrier from one BS. Note that in the optimization problem, we are optimizing the transmit power of all BSs belonging to the network. However, we always keep the macrocell BS activated to ensure coverage and connectivity in the area when turning off the small cell BSs; in other words, π M = 1. We denote by P the vector containing all the power values P χi,r in (12), and by in (16) the binary matrix containing all the parameters u,χi,r with U rows and
columns. The matrix is given as follows:
Macro-plus-small-plus-closed FAPs (MSF-closed): In this scenario, only registered users can communicate with the closed FAP, outdoor users are not allowed to exploit the FAP resources. Thus, they are subject to the interference caused by deployed FAPs (i.e., I u,r ≥ 0, ∀u = 1, · · · , U ). Hence, the same optimization problem provided in (12)- (15) is adopted but with the consideration of the cross-interference in the user rate expression in constraint (14) . In this scheme, we assume that the carriers exploited by the FAPs are known as well as the power
For instance, they can be determined by solving the same optimization problem given in (12)- (15) on each FAP or assuming a uniform power allocation.
Macro-plus-small-plus-hybrid FAPs (MSF-hybrid): This scenario is similar to the MSF-closed, except that outdoor users are also able to exploit available FAP resources. After allocating its resource to the indoor users, a FAP can serve outdoor users by providing them with the remaining resources in terms of carriers and/or power. The optimization problem for the MSF-hybrid scenario is written as follows:
subject to: (C1-1: Power budget constraint for mobile operator' BSs):
(C1-2: Power budget constraint for FAPs):
(C2: User rate constraint):
u,χi,r ≤ 1,
Notice that, in this case, the objective function and the rate expression given in (17) and (20), respectively, remain similar to the ones of the MSF-closed scenario. However, thanks to the hybrid FAP access scheme, more degrees of freedom are offered to the mobile operator. Indeed, it has the potential to exploit the unused resources of FAPs. To enable this cooperation between the mobile operator and the FAP operators, the matrix constructed in (16) contains, in addition to the macrocell BS and small cell BSs' carriers, the remaining available FAPs' carriers. Moreover, the previous constraint C1 is divided into two constraints: C1-1 for the mobile operator BSs and C1-2 for FAPs. We notice here that the power budgets of FAPs available for the mobile operator's users, denoted by P
, is different for each FAP depending on the number of registered users at each FAP F il . In this case, the problem complexity will increase compared to the other scenarios but it is expected that the MSF-hybrid scheme achieves better performances as it will be shown in Section VI-B.
The power consumption of FAPs are ignored from the optimization problem (17)- (21) as these FAPs are out of control of the mobile operator. Therefore, we have proposed in Section V a cooperative framework for the MSF-hybrid to compensate the losses of FAPs' owners.
IV. JOINT RESOURCE ALLOCATION AND ON/OFF SWITCHING APPROACHES
The optimization problems formulated in Section III are non-convex ones due to the existence of the binary matrix as a decision variable. In this section, we propose two approaches to solve these problems: A complex dual decomposition based method developed to find the optimum solution of the problem, and a practical but low complexity iterative algorithm that achieves sub-optimal results. In the sequel and without loss of generality, we develop the steps for each of the proposed approaches to solve the optimization problem for the MS and MSF-closed scenario. It is worth to note that the same steps can be followed to find the solutions corresponding to MSFhybrid scenario by considering the corresponding FAPs' power budgets and the available FAPs' carriers.
A. Dual Decomposition Method and Optimal Solution
The problem in (12)- (15) is satisfying the dual time sharing condition [33] . Thus, the duality gap of the non-convex resource allocation problem in OFDMA multi-carrier system is negligible as the number of carriers is sufficiently large compared to the number of users. Hence, the dual optimization problem associated with the primal problem is given by maximize λ,µ≥0
subject to: (15) .
are Lagrange vectors that contain the Lagrange multipliers associated to constraints (13) and (14), respectively. The dual function g(λ, µ) is defined as follows:
where L(λ, µ) is the Lagrangian given as follows:
Thus, by regrouping the terms including P χi,r , the dual problem in (23) can be rewritten as follows:
subject to: (15) , where D (P χi,r ) = (a χ + λ χi )P χi,r − µ u R u,χi,r (P χi,r ). The steps to solve the dual problem can be described as follows:
• Step 1: Initialize the Lagrange multipliers values λ and µ. • Step 2: Find the optimal value of P χi,r for each pair (u, r) by solving the following problem
Hence, by solving (26), the optimal power P * χi,r can be given as follows:
where [x] + = max(0, x).
• Step 3: Substitute the optimal power levels derived in (27) into (25) . Thus, the dual problem becomes:
It can be shown that (28) is a linear assignment problem with respect to u,χi,r and π χi and can be efficiently solved by using standard integer programming [34] . The solution obtained by the dual method is an asymptotically optimal solution [33] . • Step 4: After finding the optimal solutions P * χi,r , * u,χi,r , and π * χi corresponding to the initialized Lagrange multipliers in Step 1, we can employ the sub-gradient method to find their optimal values and thus, the optimal solution of the problem [35] . Hence, to obtain the solution, we can start with any initial values for the Lagrange multipliers and evaluate the optimal solutions (i.e., P * χi,r , * u,χi,r , and π * χi ). We then update the Lagrange multipliers at the next iteration (τ + 1) as follows:
where δ τ and τ are the updated step size according to the nonsummable diminishing step length policy (see [35] for more details). The updated values of the optimal solution and the Lagrange multipliers are repeated until convergence.
B. Low Complexity Algorithm for Switching off Small Cell BSs
As it will be shown in Section VI-D, the run-time of the optimal dual decomposition solution proposed in Section IV-A, where the optimization of carrier allocation, power, small cell BS ON/OFF status is simultaneously performed, is considerably high. Thus, we propose a low complexity suboptimal algorithm to cope with this issue. In this section, we propose to optimize the binary vector π, the binary matrix , and the transmitted power vector P in an iterative way such that the algorithm complexity is significantly reduced.
The basic idea of the algorithm is to eliminate redundant small cell BSs without affecting the QoS. At each iteration, we initially consider a uniform power allocation. Then, we perform carrier allocation using standard integer programming [34] considering only the active BSs. This will reduce the complexity problem since the method is no more based on the sub-gradient method to find the Lagrange multipliers. In addition to that, the size of the matrix will be only based on the carriers of the switched on BSs. At each iteration, the algorithm switches off one BS, finds the related suboptimal power and carrier allocation and verifies whether the absence of this BS degrades the QoS. If it is the case, the BS can not be eliminated. Otherwise, it can be safely switched off.
In order to solve the optimization problem formulated in (12)-(15) in a low complexity manner, we proceed, at each iteration, as follows:
• Step 1: Simplify the optimization problem by distributing the peak power of the χ th i BS uniformly over its belonging carriers (i.e.,P χi,r =P χ N (χ) C ) whereP χi,r is the peak transmit power at the r th carrier of the χ th i BS. This means that constraint (13) can be expressed as:
(31) Thus, the solution of the optimization problem becomes as follows:
where
solution derived in (32) means that the user u served by the χ th i BS over carrier r can achieve its data rate only if the corresponding channel is relatively good.
• Step 2: Compute P χi,r for all possible (carrier, outdoor user) combinations. • Step 3: Employ the combinatorial optimization approach: a standard integer programming [34] , such as the Hungarian method [36] , is used to find the best (carrier, user) combinations that maximizes the total number of served users with minimum power consumption. However, in some cases due to the modification of constraint (13), uniform distribution of power may not be enough to serve all the outdoor users. Indeed, after allocating the carriers, some users may not achieve the required rate because of the power limitation as expressed in (31). • Step 4: If the number of served users denoted by U served is less than U , redistribute uniformly the remaining power over the remaining carriers (P χi,r =P χi,r − N (χ) C s=1 P χi,r ) and repeat Steps 1 to 3 for the non-served users. In fact, the peak power per carrier may increase compared to Step 1. This step is repeated until serving all users or the remaining power per carrier is not enough to achieve the user's target data rate. In fact, assuming a well-planned network, the latter case only happens if at least one of the small cell BSs is off. Details of the proposed low complexity algorithm are summarized in Algorithm 1. Once we find the BS status vector π * , the allocation matrix * , and the corresponding total power consumption P * using the low complexity suboptimal approach, we compare the results with the optimal solution obtained using the dual decomposition method. As it will be shown Section VI, the performances of the proposed approach are close to those of the optimal solution with a notable gain in terms of computational complexity. 
Eliminate the small cell BS χi from S iter , π
Compute the transmit power levels Pχ i ,r as it is given in (32) for each (u, r) ∈ (U, NC) pairs. 9: Find (u * , r * ) combinations by employing the standard integer programming in order to serve the maximum number of users with minimum power consumption. 10: Mark (u * , r * ) combinations as occupied (i.e., update ).
11:
U = U \ {u * 's}, NC = NC \ {r * 's} and Userved = U − |U|. until (Userved = U ||Pχ remains constant). 
V. COOPERATION AGREEMENT FOR THE HYBRID ACCESS CONTROL SCENARIO
In this section, we discuss the particularly interesting case of cooperation between mobile operator and the FAP operators corresponding to the MSF-hybrid scenario. In this case, private FAPs allow their resources to be used by the outdoor users of the mobile operator. The latter can avail the opportunity to turn off its small cell BSs and save considerable energy, while maintaining connectivity for its users via the host FAP. Hence, the FAP operators cooperate with the mobile operator in helping them reduce energy consumption. However, this will lead to an increased power consumption for the FAPs and hence, cooperation will not be possible if it results in monetary loss due to increased FAPs' energy bills. Therefore, in order to enable cooperation, the mobile operator needs to compensate for the additional expenses of the FAP operator.
In this framework, we consider two forms of compensation that can be exploited by the mobile operator, either by paying directly to the FAP operator or providing FAPs with cheaper renewable energy if available in excess at small cell BS sites. It is important to note that if there is a possibility to turn off a small cell BS and offload its users to the corresponding FAPs, then its locally generated renewable energy exceeding P sleep Si for small cell BS S i will be un-utilized. Hence, it is favorable to allow the FAPs to use this extra energy via the smart grid and cover the remaining compensation (if any) through monetary payment. Note that the mobile operator will sell the extra energy to the utility company (electricity provider) via smart grid. The FAP operator will receive an equivalent amount of electricity (to power the FAP), from the utility company at a preferential price denoted by c RE . However, this will require mutual agreements between the mobile operator, electricity provider, and FAP operators to put in place suitable pricing and billing mechanisms.
The excess renewable energy after fulfilling the power requirements of small cell BS i, denoted by q i is defined as:
where ∆t is the BS operation time. Without loss of generality, we can assume that ∆t = 1 second. The profit of the FAP operator in the closed access, i.e., un-cooperative mode, is calculated as follows:
where R is the fixed revenue earned from the registered users by each FAP operator, c f is the cost per unit of traditional fossil fuel based energy. Under the cooperative scenario, the profit of the FAP operator can be expressed as:
where p r is the price charged per user to the mobile operator for offloading its users, also referred to as offloading price. Notice here that renewable energy plays a key role in the ON/OFF switching decision. Its availability may increase the chance of cooperation and hence, the mobile operator can turn off more small cell BSs. Indeed, the mobile operator will have sufficient green energy to share with FAPs which will have the possibility to reduce their fossil fuel consumption. In order to make agreements between the mobile operator and the FAP operator, the optimal values of c RE and p r must be determined. These parameters are evaluated using the following optimization framework:
Subject to:
The objective is to minimize the monetary payments made by the mobile operator. Instead, the focus is to use excess renewable energy to compensate the additional cost incurred by the FAP operator. The constraint in (37) ensures that FAP operators do not lose in terms of profit as a result of cooperation. The constraint in (38) enforces the cost of renewable energy to be lower than the cost of traditional fossil fuel energy in order to maintain the incentive for the FAP operator to buy renewable energy from the mobile operator. The problem in eqs. (36) to (38) is a convex problem and can be solved using standard linear programming methods [37] . Explicit expressions of the optimal decision variables cannot be derived. However, there are many methods that can be employed to solve this type of problem, e.g., reducing the problem to its canonical form. In this paper, we employ the off-the-shelf solvers CVX [38] as the problem is convex by construction.
With the MSF-hybrid scenario, additional constraints must be imposed while turning off BSs in Algorithm 1 (line 15) apart from ensuring the QoS of the offloaded users. This includes respecting the power budget of the FAPs, the profitability, and price constraints given by (37) and (38), respectively. In other words, the algorithm will not turn off a small cell BS if this action leads to a loss in terms of FAP operator's revenue.
VI. SIMULATION RESULTS

A. Simulation Parameters
A cellular HetNet consisting of one macrocell BS, L s small cell BSs uniformly placed around the macrocell BS, and L f FAPs per small cell BS is deployed to serve U outdoor users and L f L s V indoor users (we assume that the number of indoor users is the same for each FAP; V tl = V = 3, t = 1, . . . , L s , l = 1, . . . , L f ). An orthogonal OFDMA transmission is assumed where the total bandwidth of B C = 9 MHz is subdivided into two sets of orthogonal carriers. The first block of 6 MHz (equivalent to 30 carriers) is owned by the macrocell BS (N (M) C = 30), while the other block, of 3 MHz (equivalent to 15 carriers), is owned by small cell BSs and their corresponding FAPs (N (S) C = 15). Hence, the same frequency blocks are reused with two consecutive small cell BSs or FAPs. We assume that all users within the small cell BSs are protected from the co-channel interference caused by other small cell BSs as they are deployed sparsely. The only interference considered in the simulations is the cross-tier interference between the small cell BS and its corresponding FAP. We consider that each user is served by a single carrier and we employ the Hungarian method [36] for the solution of all integer programming problems in the paper. The channel parameters are selected according to the 3GPP standards [39] as follows: the path loss constant κ = 128.1 dB; path loss constant ν = 3.76; the penetration loss L ow = 6 dB; the shadowing is assumed to be log-normal with zero mean and a standard deviation σ ξ = 8 dB; the fast fading between users and BSs is assumed to be Rayleigh with parameter a such that E[ a 2 ] = 1. The power consumption parameters are selected according to the energy aware radio and network technologies (EARTH) model [32] = 1 W. We assume that the energy generated from renewable sources is a Photovoltaic energy and is available at each small cell BS site. It is modeled as a Gaussian random variable with a mean of 50 J and standard deviation of 15 J [40] , [41] .
B. Performance of the Proposed Resource Management Schemes
We start by investigating the performances of the proposed approach, denoted by "Proposed-ON/OFF", that jointly allocates the radio resources, optimizes the associated power levels, and applies the small cell BSs' ON/OFF switching scheme for the MS scenario versus the number of outdoor users U . In Fig. 2 , we compare its total power consumption to that of five simple combinations of the aforementioned techniques: 1) an optimized channel-aware resource allocation with uniform power management and active small cell BSs denoted by "Uniform-all active", 2) same as (1 but with small cell BSs ON/OFF switching, denoted by "Uniform-ON/OFF", 3) frequency-hopping resource allocation with optimized power management and active small cell BSs, denoted by "Hoppingall active, 4) same as 3) with small cell BSs ON/OFF switching, denoted by "Hopping-ON/OFF", and 5) same as the proposed scheme but with active small cell BSs denoted by "Proposed-all active". The network power consumption is defined as the sum of the power consumption of the macrocell BS, excluding b M , and the small cell BSs. The fixed site power of the macrocell BS b M is a constant factor that inflates the overall power consumption and is removed to gain useful insights from the results without obscuring the differences. As it is expected, the Proposed-ON/OFF approach outperforms the other approaches as it deals with the different parameters of the network. With Hopping-ON/OFF, the existence of minor fluctuations in the total power consumption can be noticed, due to the randomness in the selection of the serving frequency carriers. Indeed, with the frequency-hoping scheme, the carriers are randomly allocated to a given user without taking into account the channel quality. With the Uniform-ON/OFF, the power is linearly increasing as U increases. Thanks to the ON/OFF switching important gains are obtained with all the schemes mainly for lightly-loaded networks.
In Fig. 3 , we plot the total power consumption of the mobile network versus the number of outdoor users using the proposed methods, i.e., the dual decomposition method and the low complexity iterative algorithm, for three different scenarios (MS, MSF-closed and MSF-hybrid). We also compare their performances with the traditional scenario where all small cell BSs are kept active. We assume that L s = 4 small cell BSs are deployed and R 0 = 1.0 Mbps. In general, it can be observed that the total power consumption increases with the total number of outdoor connected users for all cases. This is because additional small cell BSs are successively activated as the number of users increase. For example, when the number of users is small, i.e., U = 10 or 20, all the users are supported by the macrocell BS and the small cell BSs are inactive. However, as the number of users increase to U = 30, one small cell BS is activated. This trend continues until all four small cell BSs are activated for U = 80. The MSF-closed scenario has a slightly higher power consumption than that of the MS scenario as it considers the existence of indoor interferers that enforces BSs to increase their transmit power. On the other hand, the MSF-hybrid scenario achieves considerable energy savings, primarily due to the cooperation with the FAPs. The mobile operator is able to offload its users to the FAPs and switch off (change to sleep mode) small cell BSs to conserve energy. Compared to the traditional scenario, when all BSs are active, we can observe significant gain in terms of energy saving for the proposed scenarios. The gain is higher for small number of users, e.g., for U = 20, almost 40% of energy is saved. As the number of users increases, the energy saving potential reduces since additional BSs need to be activated. Mbps. The number of deployed small cell BSs is fixed to four and V = 3 for the MSF-hybrid scenario. The figure shows the behavior of the small cell BS ON/OFF strategy for different target data rates. We notice that the power consumption profile is the same for both scenarios and that increasing R 0 only imposes additional transmit power instead of activating additional small cell BSs. Note that the number of active small cell BSs can be determined from the total power consumption. Due to the dominating constant power per small cell BS b S , we can see that the total power consumption jumps by roughly b S when a small cell BS is activated. Fig. 5 shows the network power consumption against the power budget, P max F of the FAPs in the MSF-hybrid scenario for U = 60 and R 0 = 0.5 Mbps. The transmit power of the FAPs serves as a bottleneck to support outside users. This is mainly because the channel between outdoor users and the FAPs experiences a penetration loss and thus, a higher transmit power is required to achieve the desired rate. Therefore, a FAP will only accommodate users until its transmit power capacity is reached. In Fig. 5 , it can be observed that the network power consumption decreases successively as the transmit power budget of the FAPs increases. A higher power budget allows the FAPs to accept more outdoor users, thus, allowing the mobile operator to offload its users and deactivate the small cell BSs.
In Fig. 6 , we plot the total network power consumption versus the number of deployed small cell BSs L s with a constant L f = 4. We set U = 60 users and R 0 = 0.5 Mbps. The diagonal hatch pattern on the bars corresponding to two small cell BSs indicate that there are several users in outage due to the capacity constraints of the network. It can be noticed that having more small cell BSs provides more degrees of freedom to the network to activate the best combination small cell BSs and thus, reduce the power consumption. For the MSF-hybrid access scenario, the number of FAPs also increases with growing number of small cell BSs. Hence, there is more room for cooperation and the opportunity to deactivate small cell BSs. From Fig. 6 , it can be seen that for the MSF-hybrid scenario, the number of active small cell BSs is reduced from two to zero as the number of small cell BSs increases from two to eight. On the other hand, for the MSFclosed access scenario, the number of active small cell BSs does not change since offloading is not allowed. Nevertheless, the network power consumption increases with increasing the number of small cell BSs despite lower number of active BSs. This is because the deactivated BSs still consume P sleep S and hence, the network power consumption increases linearly with the number of small cell BSs. Henceforth, we will only consider the MSF-hybrid access scenario since the objective is to investigate the benefits of cooperation between the mobile operator and the FAPs.
In Fig. 7a , the effect of varying the number of FAPs deployed per small cell BS is investigated. Increasing the FAPs leads to a higher number of registered users, which will occupy the carriers allocated to the corresponding small cell BS. Therefore, the capacity to serve outdoor users decreases and additional small cell BSs need to be activated. Fig. 7a shows that increasing the FAPs per small cell L f from two to six increases the network power consumption since the number of active small cell BSs increases from two to four. On the other hand, Fig. 7b investigates the network power consumption against the number of registered indoor users connected to FAPs. Similar to the behavior against number of small cell BSs, the power consumption increases as the number of indoor users increases. This is because a higher number of indoor users inhibits the FAPs from accepting outdoor users. Hence, the mobile network is not able to offload its users to the FAPs and the small cell BSs need to be activated. For example, if there is only one indoor user connected to each FAP, then only one small cell BS needs to be active and the other three are in sleep mode. The number of active small cell BSs increases with number of indoor users until all the four small cell BSs are activated.
C. Behavior of the Cooperation between the Mobile and FAP Operators
Finally, we investigate the cooperation agreements between mobile and FAP operator in the case of MSF-hybrid scenario. The cooperation agreement is based on two main parameters: 1) offloading price p r that serves as the monetary payment by the mobile operator to the FAP operator, and 2) the cost of renewable energy c RE that is purchased by the FAP operator. For the other FAP operators, it can be observed that as the cost of fossil fuel increases, the c RE increases in response to cover up the extra costs while the offloading price is kept to the minimum. In Fig. 9 , we plot the cooperation parameters against the mean renewable energy available at the small cell BSs. The cost of fossil fuel energy c f is set to 0.5 MU. It can be observed that when the average renewable energy is zero, the offloading price for the FAP operators is non-zero, i.e., the mobile operator is required to pay all the FAP operators depending on the number of offloaded users. However, as more renewable energy becomes available, the cost of renewable energy decreases while the offloading price remains the same.
D. Complexity Analysis of the Proposed Resource Allocation Schemes
Regarding the employed algorithms, we can notice that the iterative algorithm is able to achieve a close performance to that of the optimal solution obtained using the dual decomposition method for all considered scenarios. The small difference is because the low complexity method does not achieve the optimal solution during the resource allocation process and the ON/OFF switching operation. Indeed, a different active small cell BSs combination in the ON/OFF switching using the iterative algorithm might lead to an increase of the energy consumption compared to the optimal combination. Despite this limitation, the iterative algorithm can considerably help Fig . 9 Offloading price and price of renewable energy variation against mean renewable energy for c RE = 0.5 MU.
in reducing the computational complexity of the problem compared to the optimal method that takes a longer time to converge. To illustrate this, we first determine the number of operations required by each approach to reach convergence and then compute the run-time (in seconds) taken by both algorithms. For the low complexity algorithm presented in Section IV-B, the total number of iterations corresponding the REPEAT loop (Lines 3-19) is at maximum ≈
in order to reach a suboptimal active small cell BS combination. At each loop of the algorithm, if we use the Hungarian method, in the worst case scenario, the maximum number of iterations for the resource allocation that can be reached is U assuming that at each iteration only one pair of user and carrier is allocated (line 9 in Algorithm 1). Note that, in general, we can have multiple user-carrier associations per one iteration and thus, the size of the resource allocation matrix is reduced by more than one every iteration as indicated in line 11. Therefore, the Hungarian algorithm complexity as well as the number of operations needed to compute the power expression given in (31) depend on the size of which is decreasing as the user-carrier associations are made and as a small cell BS is eliminated. Thus, the complexity of the low complexity algorithm is in the order of ≈ Concerning the dual decomposition method given in Section IV-A, for a given maximum number of iterations of the sub-gradient method I max , the algorithm is executed for I = min(I max , 1/ε 2 ) iterations where ε represents the accuracy-guarantee which is defined by the difference between the best value and the iterate value [37] . We can easily see that the number of operations at each iteration is in the order of U is the number of operations corresponding to the equations given in (27) , (29) , and (30) . Note here that the optimal active small cell BSs combination is determined through the resource allocation process. By comparison, it can be observed that the iterative algorithm has a significantly lower complexity as compared to that of the optimal dual decomposition method. This is due to the fact that the terms containing L s and U are successively decremented at each loop of the summation in the complexity expression of the iterative algorithm. Therefore, the resulting product is much smaller as compared to the product in the complexity expression of the dual decomposition method.
The run-time of the proposed approaches are given in Table I . It can be observed that the iterative algorithm requires considerably lower CPU processing time as compared to the optimal dual decomposition method. Moreover, another remark that can be deduced from Table I is that the MS and MSF-closed scenario requires almost the same CPU times to converge for both methods. However, the MSF-hybrid, which achieves a notable energy saving, requires more time to converge. This is because with MSF-hybrid, the size of the Hungarian matrix is larger as it also includes the redundant carriers of FAPs. All tests are performed on a desktop machine featuring an Intel Xeon CPU and running Windows 7 Professional. The clock of the machine is 2.66 GHz and the memory is 48 GB. The computation time is obtained via the TIC/TOC function of Matlab. 
VII. CONCLUSION
In this paper, the energy efficiency problem in dense cellular HetNets is considered. The particular case of coexisting macrocell BSs, small cell BSs, and private FAPs is investigated. Three possible network scenarios, based on the participation of private FAPs (absent, closed, hybrid), are studied. A joint strategy for radio resource and power management and BS ON/OFF switching is employed to efficiently utilize the radio access infrastructure and minimize energy consumption. The availability of locally generated renewable energy is also incorporated in the developed framework. A dual decomposition based method is proposed to achieve the optimal results. In addition, a low complexity iterative solution is proposed to achieve a near optimal solution of the nonconvex problem. Results show that the cooperation between the mobile operator and the FAPs can lead to significant gains in terms of energy consumption, as compared to the non-cooperative scenario. We also developed a framework for cooperation agreements between the mobile operator and private FAPs based on monetary incentives.
The introduction of the stochastic parameters in the problem formulation can be an interesting future extension of this work. It is more practical but elaborate to consider varying user densities and varying number of FAPs per small cell BS. In addition to that, it is important to investigate the effect of the uncertainty in the channel estimations and renewable energy generation on the cooperation agreements.
APPENDIX : LIST OF PARAMETERS
In Table II , we summarize the most important symbols used in the document and their corresponding descriptions. 
